Abstract
Forcing 23
The SCM-SCOBI model system is forced by weather, atmospheric deposition of nutrients, the 24 conditions in the sea outside the archipelago, point sources, and discharge of freshwater and 25 nutrients from land. The initial values for both the pelagic zone and the sediment are derived 26 from spin-up periods of the model. 27
There are two types of land derived forcing; discharge of water and nutrients from both rivers 28 and surface run-off from the drainage area given by the S-HYPE model (Lindstrom et al., 29 2010) and point sources representing sewage plants and industries. The run-off is added to the 30 surface water of each basin and no reduction of river nutrients due to precipitation at river-31 mouths is assumed in this model setup. The point sources of nutrient loads are assigned to the 32 Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -50, 2016 Manuscript under review for journal Biogeosciences Published: 26 February 2016 c Author(s) 2016. CC-BY 3.0 License. depth levels most resembling the actual depth of the discharge. Organic nutrients in the land 1 load are calculated from the difference between total nitrogen (TN) and DIN, and total 2 phosphorus (TP) and DIP, respectively. The organic N and P that is in balance according to 3
Redfield ratio will be added to the detritus pool in the model, while the remaining part is 4 regarded as not bioactive dissolved organic nutrients. 5
The weather forcing consists of solar insolation, air temperature, wind, relative humidity and 6 cloudiness. The insolation and all the radiation and heat fluxes across the water-air interface 7 are calculated by the PROBE model. The weather variables are taken from a gridded database 8 developed at the Swedish Meteorological and Hydrological Institute (SMHI), using 3-hourly 9 meteorological synoptic monitoring station data, and the depositions of nitrogen species 10 (NHX and NOX) are calculated by the MATCH model (Robertson et al., 1999) . For the 11 deposition of phosphate, a literature value of 0.5 kg m -2 month -1 is used (Areskoug, 1993) . 
Evaluation strategy

18
To quantify the fit between modelled values and observations a correlation coefficient, r, was 19 calculated (Eq. 2). 20
where P is model value, O is observation of the analyzed parameter, i is the data number and n 22 is the total number of data points. Two series of observations and model values that are 23 identical will lead to an r value equal to one, while uncorrelated data result in a r value close 24 to zero. In addition to the r value, the average cost function (C) values (Eq. 3) for the different 25 parameters were used in the evaluation of the SCM results. 26
27
Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -50, 2016 Manuscript under review for journal Biogeosciences A cost function describes the proximity of model results and observations by normalizing the 2 difference between them with the standard deviation (sd) of the observations. If average 3 model results fall within the standard deviation of observations, C is below one which is 4 regarded as good. Results that are within two standard deviations will be regarded as to be on 5 an acceptable level. The corresponding simulation levels, good and acceptable, for the 6 correlation coefficient are achieved when r is higher than two thirds (0.66) and one third 7 (0.33), respectively. This approach using r and C has been used in earlier studies (Edman and 8 Omstedt, 2013; Edman and Anderson, 2014) and is based on methods by Oschlies (2010) . 9
The outflow from Lake Mälaren is three orders of magnitude larger than the sum of all other 10 S-HYPE fresh water components to the inner Stockholm Archipelago. The output from S-11 HYPE of fresh water and nutrient loads from Mälaren to the Stockholm Archipelago was 12 therefore used in the evaluation of the fresh water forcing to SCM. Observations of freshwater 13 discharge were retrieved from the Baltic Environmental Database (BED, 2015) at the Baltic 14 February) and summer months (May-August) were compared to corresponding observations 19 for the whole modelled period. Further, the correlation r and the mean cost function C of the 20 vertical distribution of observations and model output were calculated. Also the long term 21 averages of the seasonal variations in surface temperature, DIN, DIP and bottom water 22 oxygen concentrations were used in the evaluation by calculating the corresponding r and C 23 values. 24
Observations from the Stockholm Archipelago (Fig. 3) were provided by Stockholm City and 25 Stockholm University. For the quantitative validation described above the quality of 26 observations from each site (Table 1) had to fulfil three requirements to be used in the 27 validation process; 1) period coverage: 80% of the years sampled; 2) annual coverage: at least 28 7 of the 12 months sampled; and 3) vertical data coverage: at least 5 depth levels frequently 29 measured over the full depth of the basin. In addition at least 3 months with observations were 30 required for the evaluation of winter and summer conditions. Average values were then 31
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Calculation of retention
6
The retention of P and N in a region can be calculated as the difference between the load and 7 the outflow (Almroth-Rosell et al., 2015; Hayn et al., 2014; Johnston, 1991; Meier et al., 8 2012) . The input of nutrients is the sum of inflows from outer areas, rivers, land runoff, point 9 sources and atmospheric load, while the outflow of nutrients is the export from the area to 10 outer seas (Fig. 4) . In the present study the focus has been on the retention of the external 11 nutrient load from land and atmosphere. The different retention processes have been 12 calculated separately, as they are included in the biogeochemical model SCOBI. Total 13 retention (R TOT ) is the sum of both permanently and temporally retained P and N. Burial is the 14 only retention process for modelled P that permanently removes P from the model system, 15 while for N also benthic and pelagic denitrification has to be considered as permanent sinks. 16
A build-up of the pelagic and benthic active pools of N and P are regarded as temporal 17 retention processes. N 2 -fixation is another process that needs to be taken into account as it is a 18 source of bioavailable N to the system. The retention (or sink) efficiency, R TOT (%), of the 19 sum of nutrient load from land and deposition from air (Nu in ) has been calculated according to 20 eq. 4: 21
The total retention and retention efficiency were calculated for the entire Stockholm Table 2 ). A clear relationship between the magnitude of river outflow (Q F ) and the 7 nutrient loads is observed both for monthly observations and S-HYPE output (Fig. 5 ). The 8 model seems to slightly underestimate the spring discharge and overestimate low flow 9 regimes. However, overall it captures a realistic annual variation of the discharge, which is 10 reflected in high correlation coefficients (Table 2) Table 2 .
16
17
Datasets from eight stations (Table 1) during autumn (Fig. 7) . The surface salinity was overall somewhat low, which probably is a 23 result the location of the monitoring station, described above. 24
The objective correlation coefficients and the cost function value for the different parameters 25 implied correspondingly that the model managed to simulate the average vertical winter and 26 summer profiles with good or acceptable skills in the basin Strömmen (Fig. 8g) , except for the 27 average seasonal value of DIN that was described as not good. The differences between 28 model results and observations of DIN may be due to similar reasons as described for salinity 29 above. In the other basins used in the evaluation (vertical and seasonal profiles are not shown) 30 of the SCM all parameters during winter, summer and season were simulated with good or 31 acceptable skills, except for the average vertical summer profiles of DIN in the basin 32 combined model skills, which were calculated as the average of the individual r and C values, 1 were good in six of the eight evaluated basins (purple cross in Fig. 8 ). In the remaining two 2 basins the skills were considered as acceptable. 3 
Retention of nutrients in the Stockholm Archipelago
7
During the period 1990-2012 on average 174 t P yr -1 and 5846 t N yr -1 entered the inner 8 archipelago, mainly from the Lake Mälaren. That is a major part of the 217 t P yr -1 and 9 8288 t N yr -1 which entered the entire Stockholm Archipelago (Fig. 9) . The P load from point 10 sources was clearly lower than the river load (Fig. 10) . However, the N load from point 11 sources was higher than the river load in the beginning of the studied period in the inner 12 archipelago (Fig. 10 d) , but decreased in the middle of the 90s due to the implementation of a 13 more effective method to remove N in the waste water treatment facilities. The P supply to the 14 intermediate archipelago mainly originated from runoff from land ( Fig. 10 b) , while for N 15 there were also some point sources that contributed to the land load on the same level ( Fig. 10  16 e). In the outer archipelago the nutrient load from land was almost negligible and most of the 17 nutrients were deposited from the atmosphere (Fig. 10 c, f) . 18 
20
Largest amounts of P and N were retained in the outer archipelago compared to the 21 intermediate and inner archipelago (Fig. 9) . The retention of all supplied P and N, including 22 the net import from upstream areas were within the inner, intermediate and outer Stockholm 23 archipelago 18 %, 23 % and 48 % for P, respectively, and 14 %, 26 % and 60 % for N, 24
respectively. The area of the three zones increases from inner (109 km 2 ), to the intermediate 25 (759 km 2 ) and to the outer archipelago (2360 km 2 ) and thus, the retention of nutrients seems 26 to increase with increased area. On the other hand, the amount of retained P and N per area 27 unit (km -2 ) was highest in the inner archipelago, and decreased towards the open sea (Fig. 11) . 28
The water depth and the residence time are affecting the retention of nutrients, which will be 29 further discussed in Section 3.2.2. The largest part of the total retention in the entire 30 Stockholm Archipelago was permanent, which for P means burial. For N benthic 31 The temporary retention in SCM is negative in all three parts of the archipelago for both P and 21 N (Fig. 9) . The reason for negative temporary retention is mainly a decrease in the benthic 22 nutrient pools during the period (Fig. 12) . The largest decrease (29 %) is found in the pelagic 23 pool of N in the inner archipelago, which coincides with the decrease in N load from point 24 sources (Fig. 10) (Fig. 9) . The importance of the import of nutrients into the coastal zones 31 from sea has been discussed in earlier studies (e.g. Humborg et al., 2003) . However, the effect 32 of the simulation period (Fig. 10 a, d) . However, the possibility that the results may be 23 influenced by unknown initial conditions of sediment concentrations should not be excluded. 24
There are only few observations available and the knowledge about the amount of sediment 25 nutrients involved in biogeochemical cycles is poor. 26 
Reduction scenario of the nutrient land load 28
The SCM is used to investigate the effect of a reduction of the nutrient load from land to the 29 Stockholm Archipelago. The loads of P and N from sewage treatment facilities depend on 30 their size, i.e. the number of person equivalents (pe) for which they were built. Estimates of 31 realistic minimum discharge concentrations of P and N from sewage treatment facilities used 32 in the SCM reduction scenario, which are based on technical feasibility but not on economicbenthic pools of N and P occur over a longer time period and the benthic P pool does not 23 reach a steady state before about 40 years after the reduction. 24
In the reduction scenario the transport of N to the open sea from the Stockholm Archipelago 25 decreases by 62% within four years (Table 3 ). The retention capacity of N in the entire 26 archipelago increases at the same time from 79 % to 90 % as a result of the load reduction. 27
The longer response time of P compared to N is observed also in the retention capacity (Fig.  28   15) .The retention efficiency of P is in the end of the spin-up run about 100 %. This implies 29 that the under the conditions during year 2010 all the total P load is retained in the Stockholm 30
Archipelago when the system is in steady state. The retention of P, however, then decreases to 31 74 % during the first years after the reduction, coinciding with the large decrease in the N 32
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